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a b s t r a c t
The inﬂuence of inoculation of olive trees with arbuscular mycorrhizal (AM) fungi, Glomus (G) intraradices,
on microbial communities and sugar concentrations, were examined in rhizosphere of olive trees (Olea
europaea L.). Analyses of phospholipid and neutral lipid fatty acids (PLFA and NLFA, respectively) were
then used to detect changes in microbial community structure in response to inoculation of plantlets
with G. intraradices.
Microscopic observations studies revealed that the extraradical mycelium of the fungus showed formation of branched absorbing structures (BAS) in rhizosphere of olive tree. Root colonization with the
AM fungi G. intraradices induced signiﬁcant changes in the bacterial community structure of olive tree
rhizosphere compared to non-mycorrhizal plants. The largest proportional increase was found for the
fatty acid 10Me18:0, which indicated an increase in the number of actinomycetes in mycorrhizal rhizosphere soil, whereas the PLFAs i15:0, a15:0, i16:0, 16:17 and cy17:0 which were used as indicators of
bacteria decreased in mycorrhizal treatment compared to non-mycorrhizal control treatment. A highest
concentration of glucose and trehalose and a lowest concentration of fructose, galactose, sucrose, rafﬁnose and mannitol were detected in mycorrhizal rhizosphere soil. This mycorrhizal effect on rhizosphere
communities may be a consequence of changes in characteristics in the environment close to mycorrhizal
roots.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The olive tree (Olea europaea L.) is the most important evergreen tree in Tunisia with 60 million olive trees covering 1.6 million
hectares of land (Hannachi et al., 2007), where it is grown traditionally in rain-fed conditions. Olive-tree plantations in Tunisia
constitute a major agricultural farming system which is characterized by low inputs, water scarcity and soils poor in organic matter.
In this respect, inoculation with arbuscular mycorrhizal (AM) fungi
has been recommended for reclaiming degraded areas because they
are known to positively affect plant growth by improving nutrient
uptake, especially that of phosphorus, increasing the rhizosphere
volume, and protecting plants against biotic and abiotic stresses
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(Al-Karaki and McMichael, 2004). Several researchers have studied the effects of colonization by AM fungi on olive trees growth.
Results vary according to the mycorrhizal strain and plant cultivars
(Calvente et al., 2004; Soriano et al., 2006; Porras-Soriano et al.,
2009; Meddad-Hamza et al., 2010), However, to our knowledge,
no attempt has been made to study the mycorrhizal effect on the
community composition in the rhizosphere of olive trees.
AM fungi have been shown to interact with different groups
of soil bacteria and modify the rhizosphere microbial community.
Root colonization with AM fungi has most of the time been shown
to decrease (Christensen and Jakobsen, 1993; Wamberg et al., 2003;
Cavagnaro et al., 2006), but also to increase (Van Aarle et al., 2003;
Albertsen et al., 2006) or have no effect (Andrade et al., 1997; Olsson
et al., 1996) on the microbial biomass. These contradictory results
may reﬂect differences in plant species, experimental duration, root
growth activity, exudate composition and/or amount and carbohydrate metabolism of the plant (Marschner et al., 2001; Sood,
2003; Hooker et al., 2007; Toljander et al., 2007). However, the
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mechanisms controlling the interaction between bacteria and AM
fungi in soil are still poorly understood.
Exudates condition the rhizosphere which is characterized by
speciﬁc physical and chemical soil properties and a high microbial activity, and shows a speciﬁc and stable diversity that plays
an important role on plant health (Bowen and Rovira, 1999). AM
fungi have been shown to decrease root exudation in many studies
(Graham et al., 1981; Azaizeh et al., 1995) even though the opposite
has also been found (Sood, 2003) and thus indirectly affect bacterial growth in the rhizosphere. Different sugars (Hooker et al.,
2007), proline and isocitrate (Lioussanne et al., 2008) and citric acid
(Tawaraya et al., 2006) have been detected as AM fungal exudates
in the soil solution from the hyphal compartment of mycorrhizal plants. In this manner, the modiﬁcation of the soil microbial
community induced by mycorrhizal colonization was suggested to
depend on quantitative and qualitative changes of root and AM
fungal exudates (Bansal and Mukerji, 1994; Marschner et al., 1997;
Lioussanne et al., 2008).
The major substrate for microbial activity in the rhizosphere is
organic C (rhizodeposition) released by plant roots. This organic
C varies from simple organic molecules to mucilage and cells and
tissues sloughed off during root growth (Rovira et al., 1983). The
simple, low molecular weight compounds consist mainly of sugars, amino acids, organic acids and phenolics. Azaizeh et al. (1995)
indicated that AM and non-AM maize had similar root exudate
compositions of 72–73% sugars, 17–18% phenolics, 7% organic acids
and 3% amino acids. Helal and Sauerbeck (1989) estimated that
approximately 19% of the total photosynthetic carbon of various
plant species was released into the rhizosphere as organic material.
Of the various components of soil organic matter, carbohydrates
have a suggested role on nutrient cycling (Hu et al., 1997), and also
play a role in enhancing soil structural stability (Feller and Beare,
1997). Soil carbohydrates have also been known to inﬂuence soil
plant nutrition and microbial activity (Medeiros et al., 2006). The
aim of the present study was ﬁrst to determine the quantitative
and qualitative changes of carbohydrates of the olive tree rhizosphere following the inoculation with Glomus intraradices, secondly
to examine the effect of AM inoculation treatments on the microbial
community structure of olive tree rhizosphere within our experimental conditions.

2. Materials and methods
2.1. Experiment description
A greenhouse experiment was performed to determine the
effect of AM fungi inoculation on the rhizosphere microbial community of olive trees (O. europaea L. cv. Meski). The experiment had
control and AM inoculation treatments with G. intraradices. Spores
of G. intraradices used in these experiments were purchased from
Agronutrition (France). The G. intraradices obtained from Agronutrition were previously used by Maillet et al. (2011) to demonstrate
that G. intraradices secretes lipochitooligosaccharides symbiotic
signals which stimulate formation of AM in plant species of diverse
families.
Spores of G. intraradices used in this study were inoculated in a sample of olive plantlets (15 cm long and three pairs
of leaves) produced in vitro, by the experimental group of
Mabrouka (http://www.pepinieremabrouka.com//en/index.php).
After 2 weeks of acclimatization in a greenhouse, the olive plantlets
were potted into individual 10 l pots of 20 cm in diameter (one plant
per pot) ﬁlled with a sandy P-poor soil (pH 7.68; sand: 91.6%; silt:
1.5%, clay: 6.9%, Ctot : 4.3 g kg−1 , Olsen-P: 8.38 mg kg−1 ) collected
directly from an olive trees ﬁeld. At the time of re-potting, 1000
spores of G. intraradices were deposited directly below the roots of
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the olive plantlets. The experiment was conducted in a fully randomized block design with two treatments and three replications.
Treatments consisted of non-mycorrhizal plant (−G. intraradices)
and mycorrhizal plant with G. intaradices (+G. intraradices). The
average air temperature in the greenhouse was 25–30 ◦ C. Plants
were grown under natural light. Plants were watered every second
day to maintain a soil water level corresponding to 65% of the ﬁeld
capacity. Six months after planting, plants were harvested and soil
samples were collected from each treatment. Soil strongly adhering
to roots was deﬁned as rhizosphere soil.
2.2. Microscopic observations and evaluation of mycorrhizal
colonization
Mycorrhizal colonization was assessed on fresh root subsamples from three uninoculated olive trees and three G. intraradices
inoculated olive trees. Roots were water-washed and digested
with KOH (10%) and stained with trypan blue (0.05%) (Phillips
and Hayman, 1970). Thirty root sections (1 cm length) per plant
were processed. Mycorrhizal colonization (M%) and abundance
of arbuscules (A%) in the root system were calculated (Trouvelot
et al., 1986). Data were processed with the Mycocalc program
(www.dijon.inra.fr/mychintec/). Microphotographs of intraradical
and extraradical fungal structures were taken with a digital camera coupled to the inverted microscope and stereomicroscope and
displayed on a computer using image manager Zeiss software.
2.3. Analysis of neutral lipid and phospholipid fatty acids
Lipids were extracted from the soil samples (3 g) using the
method described by Frostegård et al. (1996). Soil samples were
extracted in a one-phase chloroform: methanol: citrate buffer
(1:2:0.8, v/v/v, pH 4.0). After the extract had been split into two
phases by chloroform and citrate buffer being added, the extracted
lipids in the chloroform phase were fractionated on silicic acid
columns into neutral lipids, glycolipids and polar lipids by elution
with chloroform, acetone and methanol, respectively. The neutral lipids (mostly storage material) and polar lipids (containing
phospholipids) were subjected to mild alkaline methanolysis. The
resulting fatty acid methyl esters were analysed on a HewlettPackard 5890 series II gas chromatograph equipped with a ﬂame
ionisation detection (FID) system and a HP-5MS capillary column
(30 m × 0.25 mm). Injector and detector temperatures were 250 ◦ C
and 280 ◦ C, respectively. The following temperature program was
set: 60 ◦ C for 1 min, from 60 ◦ C to 160 ◦ C at 10 ◦ C min−1 , from 160 ◦ C
to 270 ◦ C at 5 ◦ C min−1 and ﬁnally remains at 270 ◦ C for 2 min in
order to clean the column.
Fatty acids were named according to the -designation
described as follows:
Fatty acids are designated as total number of carbon atoms:
number of double bonds, followed by the position of the double
bond from the methyl end () of the molecule. The preﬁxes “a” and
“i” indicate anteiso and isobranching, respectively; “10Me” indicates a methyl group on the 10th carbon atom from the carboxyl
end of the molecule; and “cy” refers to cyclopropane fatty acids.
Peak areas of the extracted fatty acid methyl esters were quantiﬁed by adding methyl nonadecanoate fatty acid (19:0, 0.5 g l−1 )
as the internal standard before the methylation step. Identiﬁcation of peaks was based on comparison of retention times with
those of known standards (Supelco Bacterial Acid Methyl Esters no
47080-U). Saprotrophic fungi were quantiﬁed using the biomarker
fatty acids 18:19 and 18:26 (Zelles, 1999). The fatty acids i15:0,
a15:0, i16:0, 10Me16:0, i17:0 and a17:0 were used as biomarkers for Gram-positive bacteria (Waldrop et al., 2000). Cyclopropyl
(cy17:0, cy19:0) and their metabolic precursors (16:17, 18:17)
were used as biomarkers for Gram-negative bacteria (Zelles, 1997).
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The methylated fatty acid 10Me18:0 was used as a biomarker for
actinomycetes (Kroppenstedt, 1985; Vestal and White, 1989). PLFA
16:15 was employed as an indicator of AM fungal biomass (Olsson
et al., 1995). NLFA 16:15 was also considered since it was common
in storage lipids of AM fungi (Olsson et al., 1995, 1997).

2.4. Rhizosphere soil carbohydrates analysis
Rhizosphere soil carbohydrates were extracted according to the
method described by Medeiros and Simoneit (2007) with slight
modiﬁcations. Soil carbohydrates were extracted in a mixture of
dichloromethane:methanol (2:1, v/v). Extracts were dried and converted into trimethylsilyl ethers with a silylation mixture made up
of pyridine, hexamethyldisilazane and trimethylchlorosilane. An
aliquot of 1 l of each silylated total extract of the soil samples
was analyzed using a Hewlett-Packard 5890 series II gas chromatograph equipped with a ﬂame ionisation detection (FID) system and
a HP-5MS capillary column (30 m × 0.25 mm). Injector and detector
temperatures were 280 ◦ C and 300 ◦ C, respectively. The following
temperature program was set: 80 ◦ C for 1 min, from 80 ◦ C to 170 ◦ C
at 10 ◦ C min−1 , from 170 ◦ C to 200 ◦ C at 15 ◦ C min−1 , from 200 ◦ C
to 315 ◦ C at 25 ◦ C min−1 and ﬁnally 315 ◦ C for 8 min. Using this
program, 23.6 min were required to elute the trimethylsilyl derivatives. Identiﬁcation of individual carbohydrates was achieved by
the use of the relative retention times, i.e., in comparison to that of
the standard.

2.5. Statistical analysis
The data obtained with measurement of biomarker fatty acids of
most groups of soil microorganisms, and also rhizosphere carbohydrates were statistically analysed using the SPSS statistical software
Version 10.0. The signiﬁcance of differences between mean values
was determined by one-way analysis of variance. Duncan’s multiple range test was used to compare the means. The signiﬁcance
probability levels of the results are given at the p < 0.05 level.
The bacterial phospholipid fatty acid and the individual concentrations of sugars pattern data were also subjected to principal
component analysis (PCA). PCA was conducted using XLSTAT 2006
Version 2006.06. The loadings (or scores) corresponding to the principal components were calculated from the correlation matrix. Each
loading of variables was used for the contribution of the original
variable to the principal components.

3. Results
3.1. Microscopic observations and measurements of fungal
structure
Olive tree roots inoculated with G. intraradices were strongly
colonized with AM fungi and forms intraradical structures, including arbuscules, intraradical hyphae and vesicules (Fig. 1a and b),
compared to plants without mycorrhiza (Fig. 1c). Olive tree roots
colonization was accompanied by the development of an extraradical mycelium that includes branched absorbing structures (BAS)
(Fig. 2a). Some BAS were associated with spores (Fig. 2b).
The intensity of mycorrhizal colonization in the whole root system (M%) was signiﬁcantly higher (51.85%) in inoculated olive trees
as compared to that of uninoculated plants which showed only a
3.13% (Fig. 3). Non inoculated olive trees had only 0.9% arbuscule
abundance (A%) as compared to that of inoculated plants (29.46%).

Fig. 1. Structure of an arbuscular mycorrhizal fungi Glomus intraradices colonizing
an olive tree roots. Olive tree roots with mycorrhizal colonization ((a) and (b)). Olive
tree root with no mycorrhizal colonization (c). Arbuscules are indicated by black
arrows ((a) and (b)). Intraradical hyphae are indicated by white arrows ((a) and (b)).
Balloon shaped structures are vesicles (V), which are fungal storage organs.

3.2. Microbial biomarker fatty acids
The total amount of PLFAs, which generally represents total
microbial biomass, presented no signiﬁcant difference between
mycorrhizal and non-mycorrhizal treatments (Table 1). Inoculation with G. intraradices reduced the amount of 16:17, cy17:0
and cy19:0, all of which are indicative of Gram-negative bacteria, but the decrease of cy19:0 was not signiﬁcant (Table 1). The
PLFAs i15:0, a15:0, i16:0 indicative of Gram-positive bacteria were
all found in lower amounts in treatments with G. intraradices than in
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Table 1
Amount of biomarker fatty acids speciﬁc to different groups of microorganisms in
mycorrhizal and non-mycorrhizal olive tree rhizospheric soils.
PLFA marker
(g g−1 soil)
Saturated
14:0
15:0
16:0
17:0
18:0
20:0
Gram+
i15:0
a15:0
i16:0
10Me16:0
i17:0
a17:0
Gram−
16:17
cy17:0
18:17
cy19:0
Fungi
18:26
18:19
Actinomycetes
10Me18:0
Total PLFA

Treatments
Mycorrhizal

Non-mycorrhizal

0.07 ± 0.01a
0.07 ± 0.02a
2.81 ± 0.13a
0.09 ± 0.01a
2.8 ± 0.29a
0.16 ± 0.04a

0.08 ± 0.01a
0.07 ± 0.02a
2.94 ± 0.3a
0.08 ± 0.02a
2.4 ± 0.28a
0.12 ± 0.02a

p = 0.32
p = 0.84
p = 0.53
p = 0.55
p = 0.16
p = 0.24

0.2 ± 0.04a
0.11 ± 0.03a
0.09 ± 0.03b
0.45 ± 0.04a
0.16 ± 0.04a
0.11 ± 0.02a

0.32 ± 0.03b
0.2 ± 0.02b
0.15 ± 0.01a
0.47 ± 0.1a
0.17 ± 0.04a
0.12 ± 0.01a

p = 0.02
p = 0.01
p = 0.03
p = 0.78
p = 0.72
p = 0.73

0.21 ± 0.01b
0.07 ± 0.01b
0.4 ± 0.04a
0.26 ± 0.04a

0.3 ± 0.04a
0.12 ± 0.01a
0.4 ± 0.09a
0.27 ± 0.06a

p = 0.01
p = 0.02
p = 0.22
p = 0.84

0.14 ± 0.04a
0.43 ± 0.06a

0.11 ± 0.03a
0.44 ± 0.08a

p = 0.38
p = 0.91

0.2 ± 0.04a

0.09 ± 0.04b

p = 0.03

9.09 ± 0.7a

9.11 ± 0.57a

p = 0.96

The effect of G. intraradices treatment was tested with one-way ANOVA (mean
value ± SE, n = 3), and mean values in individual line followed by the same letter
are not signiﬁcantly different at p < 0.05 (Duncan test).

Fig. 2. Morphological features of G. intraradices external mycelium developing in
rhizosphere of olive trees. BAS: branching absorbing structure (a). White Ellipses:
thinner hyphae which are proposed as preferential nutrient uptake structure (a).
s-BAS: Spore-associated BAS (b). Extraradical hyphae are indicated by white arrows
(b).

treatments without G. intraradices (Table 1). The amount of
10Me18:0 fatty acid was lower than 0.1 g g−1 in treatments without G. Intraradices, but increased signiﬁcantly with G. intraradices
treatment to 0.2 g g−1 . The PLFA 16:15 increased signiﬁcantly from 0.16 g g−1 in non-mycorrhizal rhizosphere soil to
0.24 g g−1 in mycorrhizal rhizosphere soil (Fig. 4). Signiﬁcantly
higher amounts of the neutral lipid fatty acid (NLFA) 16:15 was
also found in rhizosphere soil with G. intraradices compared to rhizosphere soil with non-mycorrhizal G. intraradices (Fig. 4).
A shift in the species composition of the bacterial community
was evident when the PLFAs patterns of samples from mycorrhizal
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3.3. Monosaccharides, polyols and polysaccharides
The individual concentrations of the monosaccharides (mannose, glucose, fructose, galactose, arabinose, rhamnose, xylose,
inositol and mannitol), the disaccharides (sucrose and trehalose)
and the trisaccharide (rafﬁnose) present in mycorrhizal and nonmycorrhizal rhizosphere of the olive trees are shown in Fig. 6.
Trehalose represents the major sugar in rhizosphere soil with G.
intraradices, whereas galactose represents the major sugar in rhizosphere soil without G. intraradices.
The application of G. intraradices caused a signiﬁcant decrease
in the fructose and galactose contents (Fig. 6A), whereas no signiﬁcant differences were found in the amount of arabinose, rhamnose
and xylose (Fig. 6A). The monosaccharide glucose was signiﬁcantly
greater in rhizosphere soil with G. intraradices compared to rhizosphere soil with non-mycorrhizal G. intraradices (Fig. 6A).
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Fig. 6. Effect of mycorrhizal colonization with G. intraradices on the amounts of
monosaccharides (A), polyols (B) and polysaccharides (C) in rhizosphere of olive
trees with G. intraradices (+Gi) and without G. intraradices (−Gi). Bars represent the
mean of each treatment, and error bars indicate standard deviation (n = 3). Means
with different letters are signiﬁcantly different at p < 0.05 (Duncan test). (ara: arabinose, rha: rhamnose, xyl: xylose, man: mannose, fru: fructose, gal: galactose, glu:
glucose).
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The sorbitol and myo-inositol contents in control olive tree
rhizospheric soils were not signiﬁcantly different with that of rhizosphere soils with G. intraradices, whereas the level of mannitol
was signiﬁcantly lower in the rhizospheric soil of inoculated olive
trees (Fig. 6B).
Inoculation with G. intraradices modiﬁed the proﬁles of polysaccharides in olive tree rhizospheric soils. In particular sucrose and
rafﬁnose were lower, and trehalose was higher in rhizosphere
soil with G. intraradices compared to rhizosphere soil with nonmycorrhizal G. intraradices (Fig. 6C).

4. Discussion
4.1. AM fungi G. intraradices modify the structure of olive trees
rhizospheric soil by the formation of extraradical structure that
includes mycelium, BAS and s-BAS.
Using AM monoxenic cultures Bago et al. (1998, 2004) have
studied the architecture and developmental dynamics of the external mycelium of the AM fungus G. intraradices. However, it is
important to realize that these fungi do not occur in the soil in isolation, but rather interact with numerous other organism groups,
in addition to roots. Many of these interactions have been mostly
ignored in the context of understanding the structural development of AM extraradical mycelium. The present work is one of the
few attempts to study distribution of AM fungal external mycelium
in soil. By using a non destructive approach in which mycorrhizal
plants were grown in root observation chambers ﬁlled with soil,
Friese and Allen (1991) conﬁrmed the dimorphic nature of AM fungal hyphae. These authors provided, to our knowledge, the only
description of AM fungus hyphal architecture in the soil.
The development of an extraradical mycelium in the rhizosphere of olive trees that includes characteristic branched
structures (BAS) could be considered as distinctive morphological markers of successful AM establishment. It has therefore been
suggested that in the case of aborted symbiosis, BAS were aborted
too, appearing as simple forked structures which readily septated
(Bago, 2000). Bago et al. (1998) reported that BAS were not formed
under axenic conditions, even when the culture medium was supplemented with different mineral nutrients, or in unsuccessful
(asymbiotic) monoxenic cultures. The authors proposed that BAS
are formed by extraradical hyphae of AM fungi only after a successful symbiosis has been established with a host root. Also, Bago
et al. (2004) found that BAS are intrinsic features of extraradical
hyphae, and external conditions strongly inﬂuenced their morphology. The results of this study demonstrate that the rhizosphere of O.
europaea L. cv. Meski is suitable for the development of an extraradical mycelium that includes characteristic branched structures.
We wish also to mention that the spore-associated BAS (s-BAS)
and BAS observed in this study were obtained after a high number of microscopic observations. In fact, it is not easy to observe
these structures in soil. Bago et al. (1998) indicated that the spatial
distribution of AM fungal hyphae in rhizospheric soil obliged the
authors to consider only the fungal hyphae easily recognizable as
AM fungal hyphae and/or those directly linked to colonized roots,
additionally the use of soil as substrate did not permit the authors to
follow hyphae over long distance. However, the microscopic observation of AM fungal hyphae grown in monoxenic cultures permits
direct determination of their viability and direct observation of
extraradical structure development. For example Bago et al. (1998)
studied the BAS morphogenesis and development of the mycorrhizal fungus G. intraradices grown under monoxenic conditions after
2, 11, 24 and 65 days. Such study is not possible when the hyphal
structure is developing within soil.
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The complex architecture shown in this study by the extraradical mycelium including thinner hyphae, BAS and s-BAS could
increase the surface contact area between the fungus and the
olive trees rhizosphere which highlights the potential for enhanced
water and nutrient uptake by mycorrhizal roots and at the same
time improves the formation and stability of soil aggregates. Rillig
et al. (2010) found that the mycelium of G. intraradices contributed
to the maintenance of water-stable soil aggregates and increased
soil water repellency, a putative factor contributing to aggregate
stabilization. Recently, Peng et al. (2013) observed a signiﬁcant
and positive correlation between the hyphae and soil aggregate
characteristics (weight diameter, geometric mean diameter, easily
extractable glomalin).
To date, BAS formed by G. intraradices have been described only
in monoxenic cultures (Chabot et al., 1992; Bago et al., 1998, 2004).
Further studies are needed to conﬁrm the production of BAS in
the soil, their developmental dynamics under natural conditions,
as well as their role in the olive tree nutrient uptake.
4.2. AM fungi G. intraradices reduces the population with PLFAs
i15:0, a15:0, i16:0, 16:17 and cy17:0 in the rhizosphere of olive
trees
Analyses of microbial phospholipid fatty acids clearly showed
that root colonization with G. intraradices did not lead to signiﬁcant
changes on the total amount of PLFAs, which generally represents
total microbial biomass (Zelles, 1997). However, we observed a shift
in microbial communities according to the PFLA proﬁles due to
changes in bacterial indicators in the rhizosphere of mycorrhizal
olive tree roots. The decrease in branched fatty acids, especially the
terminally branched saturated fatty acid (i15:0, a15:0, i16:0), the
monounsaturated PLFA 16:17 and the Cyclopropyl PLFA cy17:0
suggested a decrease in both Gram-positive and Gram-negative
bacteria. The PLFAs i15:0, a15:0, i16:0 have been listed as being
common in Gram-positive bacteria and the PLFAs 16:17 and
cy17:0 are generally synthesized by Gram-negative bacteria (Zelles,
1997). To our knowledge, one of the reasons for the decrease in the
Gram-negative and Gram-positive biomarker fatty acids may be
due to the modiﬁcation in rhizosphere carbohydrate proﬁles following colonization of olive trees with the AM fungi G. intraradices.
These changes could be related to the carbon uptake by the fungus to support their increased metabolism. Kapoor et al. (2000)
observed that exudates from mycorrhizal roots contain less sugars
and organic acids than the corresponding controls, indicating that
carbohydrates are redirected toward the fungus. Toljander et al.
(2007) reported that bacterial community composition was significantly inﬂuenced by the presence of exudates containing soluble
sugars (di- and oligosaccharides).
Differences in rhizosphere carbohydrate proﬁle are likely to
affect microbial community composition because microbial species
differ in their ability to metabolise and compete for different carbon
sources. For example, the decrease in sucrose observed in rhizosphere soil with G. intraradices due to mycorrhizal colonization,
will affect the competitiveness and hence the survival of microbial
species. Sucrose has been used in numerous experiments as easily
available C sources and has a better solubility in water than glucose, i.e. 2090 mg ml−1 versus 910 mg ml−1 at 25 ◦ C, respectively
(Ekblad and Högberg, 2000; Henn and Chapela, 2000). Engelking
et al. (2007) indicated that sucrose is decomposed by a large variety of different soil microorganisms, although many bacteria are
able to transport sucrose directly through special porins into the
cytoplasm (Schmidt et al., 1991). According to Linderman (1988),
AM fungi indirectly inﬂuence microorganism in surrounding soil by
altering the permeability of root cells and thus affecting root exudation and secretion. We did not measure olive tree rhizosphere
contents of amino acids, organic acids and phenols but it has been
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shown that exudates including amino acids, organic acid and whole
proteins can also have a direct selective effect on the microbial community in the rhizosphere (Marschner et al., 1997; Marschner and
Baumann, 2003; Sood, 2003; Toljander et al., 2007).
A possible and other explanation for the decrease of PLFAs i15:0,
a15:0, i16:0, 16:17 and cy17:0 may be related to the higher level
of actinomycetes observed in the rhizosphere of olive trees after
treatments with G. intraradices. It has been shown that soil actinomycetes have varying degrees of inhibitory activity against many
microorganisms (Thakur et al., 2007; Duraipandiyan et al., 2010).
It should be noted that the populations with PLFAs i15:0, a15:0,
i16:0, 16:17 may be inhibited directly by a speciﬁc exudate composition due to mycorrhizal colonization. Exudates collected from
AM fungi mycelia or from mycorrhizal roots were previously shown
to affect microbial activity or chemotaxy in vitro (Sood, 2003;
Lioussanne et al., 2008). Toljander et al. (2007) observed a number
of bacterial taxa were primarily associated with samples without mycelial exudates, suggesting that they were inhibited by the
exudates directly. However, this hypothesis needs to be tested in
subsequent studies speciﬁcally focusing on the characterization of
the composition of olive tree roots and AM fungal exudates and the
effects of these compounds on soil microbial communities.
The G. intraradices effect on the bacterial community composition found in this work is in accordance with earlier studies. Larsen
et al. (2003) reported that the mycorrhizal fungus G. intraradices
reduced the PLFAs cy17:0 and cy19:0 and suggested that the external mycelium of G. intraradices reduced the biomass of indigenous
Gram-negative bacteria also containing these PLFAs. The authors
supposed that the reason for the reduction of biomass of cyclic
fatty acid containing bacteria by mycelium of G. intraradices might
be due to competition for nutrients. Larsen et al. (2009) studied the
interactions between the arbuscular mycorrhizal (AM) fungus G.
intraradices and bacteria from the genus Paenibacillus (Paenibacillus
macerans and Paenibacillus polymyxa) in a greenhouse pot experiment, and employed the PLFA a15:0 as a biomarker of the two
Paenibacillus strains. The authors observed that inoculation with G.
intraradices decreased the gram-positive bacteria biomarker a15:0
in the cucumber rhizosphere as observed in this study, in the
rhizosphere of olive trees. Welc et al. (2010) reported that AM
fungal inoculation signiﬁcantly affected all groups of biomarker
fatty acids in the root-free soil and observed that inoculation with
G. intraradices reduced the amount of Gram negative and Gram
positive biomarker fatty acids by 31% and 28%, respectively. In
contrast other studies mentioned that root colonization with AM
fungi G. intraradices has been shown to increase (Abdel-Fatah and
Mohamedin, 2000; Medina et al., 2003; Albertsen et al., 2006;
Ravnskov et al., 2006) or have no effect on the bacterial populations (Olsson et al., 1996; Andrade et al., 1997). These changes
may be due to differences in growth substrate used in the different
studies, preferential utilisation of plant exudates by the mycorrhizal fungus G. intraradices, exudation by the mycorrhizal fungus or
changed exudation by roots due to mycorrhizal infection. There are
also indications that the interactions between AM fungi and rhizosphere bacteria are plant species-speciﬁc (Medina et al., 2003;
Marschner and Timonen, 2004).
4.3. AM fungi G. intraradices increases the population with PLFA
10Me18:0 in the rhizosphere of olive trees.
The increase in mid-chain branched saturated fatty acid
10Me18:0 suggested a higher proportion of actinomycetes in the
rhizosphere of olive trees inoculated with G. Intraradices. The PLFA
10Me18:0 has been listed as being common in actinomycetes
(Vestal and White, 1989). To our knowledge a unique microhabitat
with particular conditions suitable for the development of actinomycetes was created following inoculation of olive trees with G.

Intraradices. Probably populations with PLFA 10Me18:0 were faster
growing, and more active and competitive for the changed exudation due to AM fungi inoculation (exudation by the mycorrhizal
fungus or changed exudation by roots due to mycorrhizal colonization). An increase in the total actinomycete population in the
rhizosphere was ﬁrst reported by Bagyaraj and Menge (1978) and
this was subsequently conﬁrmed by a similar observation (Secilia
and Bagyaraj, 1987; Ames et al., 1989). Carpenter-Boggs et al.
(1995) demonstrated a positive correlation between higher germination rate and the amount of production of geosmin, CO2 , and
2-methylisoborneol by the actinomycetes. The authors observed
also that some actinomycetes isolated from soil can degrade chitin,
which is one of the main components of AM fungi spore walls,
and thereby improve fungal spore germination. Abdel-Fatah and
Mohamedin (2000) indicated that, in the rhizosphere of mycorrhizal sorghum plants with AM fungi G. intraradices, the number of
actinomycetes, when expressed as colony-forming units per gram
dry soil (104 CFU g−1 soil), were signiﬁcantly increased from 35
to 105 compared with non-mycorrhizal rhizosphere soil. FrancoCorreaa et al. (2010) isolated thirty actinomycete strains from the
rhizosphere of ﬁeld-grown plants (Trifolium repens L.). Streptomyces
MCR9, Streptomyces MCR26 and Thermobiﬁda MCR24 were selected
to test their interactions with arbuscular mycorrhizal (AM) fungi
because they produced the highest plant growth beneﬁcial effects.
The authors observed that, the inoculation of AM fungi improved
early establishment of Streptomyces MCR9 in clover rhizosphere,
and demonstrated that Streptomyces MCR9 and Streptomyces
MCR26 strains stimulated germination and mycelial development
from AM fungi spores both in vitro and in soil, while Thermobiﬁda MCR24 inhibited spore germination but stimulated mycelial
development.
To our knowledge the increase in the abundance of actinomycetes following inoculation of olive trees with G. intraradices is of
special interest. Actinomycetes, is very important in the fertility of
the soil and consequently represents a signiﬁcant source of energy
and nutrients for soil microﬂora and then higher plants (Barea
et al., 2005). In addition these bacteria are known for their economic importance as producers of biologically active substances,
such as antibiotics, vitamins and enzymes (De Boer et al., 2005).
Actinomycetes can also protect roots and their fungal hosts by
inhibiting the development of potential fungal pathogens by producing enzymes which degrade the fungal cell wall or producing
antifungal compounds (Duraipandiyan et al., 2010). Secilia and
Bagyaraj (1987) observed that the actinomycetes isolated from the
pot cultures of different vesicular–arbuscular mycorrhizal fungi
showed antagonistic activity against some of the test organisms,
including root pathogens.
4.4. AM fungi modiﬁed the proﬁles of monosaccharides, polyols
and polysaccharides in the rhizosphere of olive trees
The dominant storage carbohydrates detected in AM fungal
hyphae are glycogen and trehalose (Bago et al., 2000). Also, several metabolic pathways in the extraradical mycelium have been
observed. Glycolytic enzyme activities in the extraradical mycelium
have been found to be low or absent (Saito, 1995), whereas a substantial gluconeogenic ﬂux fuelled by the glyoxylate cycle does
exist (Pfeffer et al., 1999; Lammers et al., 2001). Pentose phosphate
pathway activity also appears to be substantial in the extraradical mycelium (Saito, 1995). Thus the carbohydrate requirements
of the extraradical mycelium are met via triacylglycerides (TAG)
catabolism, gluconeogenesis, and some export of glycogen from
the intraradical mycelium (Bago et al., 2000). Using accelerator
mass spectrometry (AMS), Staddon et al. (2003) observed that
most extraradical mycelium hyphae of AM fungi live, on average, 5 to 6 days, indicating that dead mycelium may constitutes
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one possible pathway by which mycorrhizal fungi may transfer
photo-assimilates, especially glucose, into the soil. Consequently
the increase of glucose in rhizosphere soil with G. intraradices may
be explained by this mechanism.
The decrease of sucrose in rhizosphere soil with G. intraradices
may be explained by the need of AM fungi to acquire more hexoses to support their increased metabolism. In roots, sucrose is
converted into hexoses. Genes encoding apoplastic invertases as
well as sucrose synthases are induced in mycorrhized plants and
the gene products could be localised in regions of the root cortex where cells are colonized by the fungus (Ravnskov et al., 2003;
Schubert et al., 2004; Schaarschmidt et al., 2006; Boldt et al., 2011).
Mannitol is one of the primary photosynthetic products and
the major phloem-translocated carbohydrate in O. europaea (Conde
et al., 2007). Mannitol is also produced by many fungi (Chaturvedi
et al., 1997). No signiﬁcant differences were found in the soil PLFAs
18:19 and 18:26 between mycorrhizal and non-mycorrhizal
rhizospheric soil. The PLFAs 18:19 and 18:26 have been listed as
being common in fungi (Zelles, 1999). These ﬁnding suggest that the
decrease of mannitol in rhizosphere soil with G. intraradices may be
due to the decrease of mannitol olive tree root exudates. Probably
the need of AM fungi to acquire more hexoses especially glucose
to support their increased metabolism, stimulated the oxidization
of mannitol to mannose-6-P by the catalytic activity of the olive
tree root enzyme mannitol dehydrogenase (MTD). The mannose6-P may be converted to fructose-6-P and glucose-6-P and used by
G. intraradices to form trehalose glycogen, and storage lipid. It has
been reported that the activity of MTD, and thus mannitol use, is not
detected in mature leaves but is present at high levels in sink tissues
of whole plants and in cell suspension cultures grown on mannitol
(Stoop et al., 1996; Conde et al., 2007). In olive trees, expression
of MTD is repressed both by water deﬁcit and salt (Conde et al.,
2007; Dichio et al., 2009). As a result, under normal growth conditions olive trees may preferentially use sugars to maintain central
metabolism. Under water deﬁcit or salt stress, the decrease of mannitol oxidation by MTD should allow the intracellular accumulation
of mannitol in order to compensate the decrease of external water
activity, providing a tolerance mechanism to salinity and water
deﬁcit in O. europaea (Conde et al., 2007; Dichio et al., 2009). To our
knowledge following colonization of olive trees with G. intraradices,
the energy and carbon demand are extremely high, sugars can be
depleted and become limiting. Under these conditions, olive tree
root mannitol is catabolised through the action of enzyme MTD to
produce hexose sugars for assimilation and growth. Consequently
the exudation of mannitol into rhizospheric soil is affected.
It is not surprising that trehalose represents the major sugar in
rhizosphere soil with G. intraradices. The major carbohydrate store
in AM fungal spores has been shown to be trehalose (Schubert et al.,
1992). In our study, the biomass of spores as estimated using the
neutral lipid fatty acid 16:15 was signiﬁcantly higher in rhizosphere soil with mycorrhizal treatment compared to rhizosphere
soil with non-mycorrhizal treatment. It has been shown that the
content of NLFA 16:15 is highly correlated with the number of AM
fungal spores in soil (Olsson et al., 1997). A possible and other explanation for the increase of trehalose in mycorrhizal rhizosphere soils
could be related to the dead mycelium. Trehalose has been shown
to be present in extraradical mycelium of AM fungi (Bago, 2000;
Ocón et al., 2007).
Rafﬁnose is synthesized by olive trees (Cataldi et al., 2000), and
serve as osmoprotectant when olive trees are exposed to abiotic
stresses (Rejšková et al., 2007). The decrease of rafﬁnose observed
in mycorrhizal rhizosphere soils may be explained by the use of
rafﬁnose for stimulating hyphal mass formation of G. intraradices.
In our study, the biomass of the hyphae as estimated using the
phospholipid fatty acid 16:15 was signiﬁcantly higher in rhizosphere soil with mycorrhizal treatment compared to rhizosphere
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soil with non-mycorrhizal treatment. The PLFA 16:15 has been
demonstrated to be of use in the detection and biomass quantiﬁcation of AM mycelium growth in soil (Olsson et al., 1995) and it has
been shown that the content of PLFA 16:15 is highly correlated
with the hyphal length in the soil (Olsson et al., 1997). Hildebrandt
et al. (2006) reported that 10 mM rafﬁnose signiﬁcantly stimulated
hyphal growth of G. intraradices by almost 50%, as determined by
the hyphal protein content and total weight of the hyphae after a
culture period of 2.5 months and this effect was even more distinct at higher rafﬁnose concentrations (100 mM and 1 M). It is
known that intraradical hyphae can uptake sugars (Solaiman and
Saito, 1997) and it is thus possible that extra-radical mycelium of
G. intraradices used in this study can also perform this function.
5. Conclusions
Differences in soil microbial community structure and carbohydrate proﬁles found in olive tree rhizosphere soil with G.
intraradices compared to rhizosphere soil with non-mycorrhizal
G. intraradices, may be indicative of shifting resource allocation
and competitive strategies, resulting in complex microbial–AM
fungi-plant interactions. More studies are needed for the clear
understanding of the highly complex interactions that are implicated. Comprehension of the ecology of the olive trees rhizosphere
certainly represents one of the biggest challenges.
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